Gastrointestinal stromal tumors (GISTs) are life-threatening when metastatic or not amenable to surgical removal. In a few patients with advanced GISTs refractory to imatinib mesylate, treatment with sunitinib malate followed by regorafenib provides tumor control; however, additional active treatments are needed for most patients.
G astrointestinal stromal tumors (GISTs) arise predominantly in the muscularis mucosa of the gastrointestinal tract, of which most contain activating mutations in V-Kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (KIT) (OMIM 164920), which encodes a transmembrane tyrosine kinase. A few GISTs (5%-10%) contain activating mutations in the platelet-derived growth factor receptor α( PDGFRA) (OMIM 173490) gene; the most common PDGFRA mutation is in exon 18, resulting in a change in residue 842 from aspartic acid to valine (D842V). 1, 2 Those GISTs that lack mutation in KIT or PDGFRA frequently have loss of the succinate dehydrogenase (SDH) complex through mutation of a gene that encodes 1 of the subunits or epigenetic regulation that affects gene expression. 3 The initial treatment for patients with unresectable, recurrent, or metastatic GISTs is imatinib mesylate based on drug activity, drug tolerability, and long-term control of GISTs in randomized clinical trials. [4] [5] [6] Patients with GISTs that are primary refractory to imatinib frequently have mutations in KIT or PDGFRA within an exon that renders the protein less sensitive to inhibition of kinase activity by imatinib or unmutated (wild-type) KIT and PDGFRA.
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In patients whose GISTs initially respond to imatinib but later progress during treatment, secondary mutations in KIT frequently occur and contribute to the development of resistance.
7
Sunitinib malate and regorafenib are inhibitors of KIT, PDGFRA, and vascular endothelial growth factor receptor kinases and have activity in imatinib-resistant GISTs. A randomized, placebo-controlled trial of sunitinib in patients with GISTs refractory to imatinib demonstrated a 6-month progressionfree survival (PFS) rate of 16% among patients treated with sunitinib and 1% among patients given placebo. 8 The median PFS was shorter among patients with secondary mutation in KIT exon 17 or 18 (the kinase activation domain) compared with patients with secondary mutation in KIT exon 13 or 14 (the adenosine triphosphate and drug-binding pocket). An in vitro study 9 suggests that the difference in clinical outcome was related to differences in potency of imatinib and sunitinib in the inhibition of KIT activity based on the location of secondary mutation(s) within KIT. A randomized, placebo-controlled trial 10 of regorafenib in patients with imatinib-and sunitinibresistant GISTs led to a 6-month PFS rate of 38% with regorafenib compared with 0% with placebo. Preclinical investigations suggest that the development of imatinib-and/or sunitinib-resistant mutations may be overcome by other small molecule tyrosine kinase inhibitors, such as nilotinib or dasatinib.
11-14 However, nilotinib produced mixed results in limited phase 2 studies of patients with metastatic GISTs previously treated with imatinib and sunitinib. 15, 16 Dasatinib is a small molecule, adenosine triphosphatecompetitive inhibitor of KIT, PDGFR, and the protooncogene tyrosine-protein kinase Src (SRC) family of kinases among others. 13, 17 Preclinical models suggest that dasatinib is a potent inhibitor of mutations in the activation domain of KIT and PDGFRA that are resistant to imatinib and sunitinib.
12,13
In addition, SRC is expressed in GISTs; however, the role of SRC in the pathogenesis of the disease is undefined. 18 We sought to estimate the 6-month PFS rate using Choi tumor response criteria of patients with imatinib-resistant GISTs treated with dasatinib. In a prior study, 19 the Choi criteria correlated better with survival than Response Criteria in Solid Tumors in patients with GISTs treated with imatinib. We also sought to examine the association of total SRC and activated SRC (phosphorylated tyrosine residue 529) (pSRC) expression and KIT and PDGFRA genotype in patient GIST samples with tumor response and patient outcome in exploratory analyses.
Methods
We performed a nonrandomized, Findings In this nonrandomized, uncontrolled single-arm clinical trial that included 50 patients with GIST treated with dasatinib, 70 mg twice daily, and used Choi tumor response criteria, the estimated 6-month progression-free survival rate was 29%, and the partial response rate was 25%. The observed progression-free survival rate was lower than the study prespecified rate of 30% to define an active drug.
Meaning Dasatinib may be active as anticancer therapy in a few unselected patients with imatinib-refractory GIST, but further study is needed to define a subset of gastrointestinal stromal tumors most likely to respond. regorafenib was not required but was allowed. All patients provided written informed consent before undergoing study procedures. Patients self-identified race/ethnicity, information that was collected per National Cancer Institute Cancer Center guidelines. All data were deidentified.
Dasatinib was given at a dose of 70 mg twice daily. Dose and schedule adjustments were made for intolerable grade 2 or grade 3 or 4 toxic effects. Baseline tumor measurements were assessed using computed tomography or magnetic resonance imaging within 2 weeks of enrollment, and tumor response was assessed by the treating site using the same modality as baseline imaging every 8 weeks for 24 weeks and then every 12 weeks until disease progression was documented in patients who continued to undergo treatment. Safety evaluations were performed according to the schedule described in the protocol. Adverse events were recorded according to Common Terminology Criteria for Adverse Events, version 3.0.
The primary study end point was 6-month PFS rate using the Choi criteria. Secondary end points included overall survival (OS), response rate, and safety of dasatinib. Patients were contacted at least every 12 months for 5 years from enrollment or until patient withdrawal from the study or death.
Correlative Studies
Details of archival tumor preparation, immunohistochemical analysis, and polymerase chain reaction are described in the eMethods in the Supplement.
Statistical Analysis
The 6-month PFS target rate for preliminary evidence of dasatinib activity was greater than 30%, and less than 10% was selected as evidence that dasatinib is inactive in patients with imatinib-treated GISTs. We assumed a mean enrollment rate of 2 patients per month for a total enrollment period of approximately 2 years and follow-up of at least another 6 months. A continuous Bayesian monitoring rule was used after the first 10 evaluable patients were treated and followed up for 6 months to stop enrollment if the probability that the 6-month PFS was at least 30% was P < .01. On the basis of a mean enrollment of 2 patients per month, there was a 10% chance of stopping the trial early if the true 6-month PFS was 30% and a 99% chance of stopping the trial early if the true 6-month PFS was 10%. A maximum of 50 patients were to be enrolled and treated if the stopping rule was not met. Patients were monitored for progression of disease and survival from the date of enrollment. Patients who had not experienced disease progression were censored at the date of last response evaluation. Patients who had not died were censored at the date of last contact. Clinically significant adverse events that required interruption of dasatinib or change in dose or schedule and serious adverse events were tabulated by system and event according to Common Terminology Criteria for Adverse Events, version 3.0. Association between categorical tumor characteristics or size and expression of SRC was evaluated using the Fisher exact test and Kruskal-Wallis test, respectively. Cox regression analysis was used to evaluate association between tumor characteristics and PFS and OS. 22 Both PFS and OS were evaluated using the Kaplan-Meier method.
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P < .05 was considered to be statistically significant. Table 1 . Nine patients (18%) survived more than 5 years after enrollment. Four patients withdrew from the study or were unavailable for follow-up. Forty-eight archival tumor samples were received of which 42 were informative for evaluation of SRC and pSRC expression by immunohistochemical analysis and 44 for genotype. Tumor characteristics are summarized in Table 2 . Secondary mutations were not detected in cases with a KIT exon 11 mutation; however, we did not require submission of tumor sample from a mass that demonstrated resistance to imatinib therapy for genotype analysis. Tumor samples without mutation in KIT or PDGFRA were stained for succinate dehydrogenase complex iron sulfur subunit B (SDHB) expression, which was not detected in 8 of the 14 cases. SRC expression was detected in 34 of the tumors; in 14, pSRC (indicating kinase in the activated state) was detected (eFigure in the Supplement). Activated SRC was present in 6 cases (25%) with KIT exon 11 mutations, 1 case (25%) with KIT exon 9 mutation, 2 cases (33%) with unmutated KIT and PDGFRA and retained SDHB expression, and 4 cases (50%) with unmutated KIT and PDGFRA and absent SDHB expression. The size of the primary GIST was associated with tumor expression of SRC (but not pSRC). Location of the primary tumor, mitotic cell count, and GIST genotype did not correlate with SRC or pSRC expression.
Results

Patient Demographics and Tumor Characteristics
Dasatinib Treatment and Safety
All patients began treatment with dasatinib, 70 mg twice daily ( Figure 1) . Two patients stopped treatment before completing 1 cycle of therapy. One patient stopped treatment with dasatinib after 2 cycles because of medical need for therapeutic anticoagulation. A median of 2 (range, 1-31) cycles was completed. A temporary hold on study treatment occurred in 18 patients, and reduction in dose was required for 9 because of toxic effects. Two patients required dose reduction to 100 mg once daily because of toxic effects. The adverse events experienced by patients that were reported to be related to dasatinib are listed in eTable 1 in the Supplement. Serious adverse events were experienced by 12 patients (24%) and included pleural effusion (3 patients), nausea or vomiting (2 patients), muscle weakness (2 patients), and 1 case each of intestinal obstruction and pneumonia, tumor-associated hemorrhage, pancreatitis, tumor-associated pain, and cerebral vascular hemorrhage. No deaths were attributed to dasatinib; however, a patient with intestinal obstruction and pneumonia died within 30 days of stopping dasatinib treatment. The primary reason for discontinuation of study treatment was disease progression. All patients enrolled in the study stopped dasatinib treatment.
Dasatinib Activity
Partial response was reported in 12 patients (25%). Two patients had partial response by decrease in tumor size (1 patient with D842V mutation in PDGFRA and 1 with no mutation in KIT or PDGFRA and loss of SDHB expression) and 10 by decrease in density of target lesions (7 with KIT exon 11 mutation, 1 with KIT exon 9 mutation, 1 without mutation in KIT or PDGFRA and retained expression of SDHB, and 1 without tumor available for genotyping). Partial response was sustained for at least 8 weeks in 5 patients. A significant association between tumor characteristic(s) and response was not found (eTable 2 in the Supplement). The 6-month PFS estimate was 29% among the 48 patients evaluable for response to treatment. The median PFS time was 2.9 months, and the OS time was 19 months (Figure 2) . The OS rates were 43% (95% CI, 28%-57%) at 2 years and 17% (95% CI, 5%-28%) at 5 years. The study was not designed to evaluate the influence of tumor characteristics on response and patient outcomes as primary or secondary objectives, but exploratory analyses were conducted. Results of exploratory analyses are hampered by the small number of samples. The PFS and OS estimates were similar in patients with tumor that expressed SRC compared with patients without SRC expression in tumor. The median PFS time and 6-month PFS rate were better in patients with tumor with pSRC (4.9 months and 50%, respectively) compared with those with tumor without SRC activation (2.1 months and 9%, respectively); however, the difference did not reach significance in univariate analysis (hazard ratio, 0.47; 95% CI, 0.20-1.04; P = .06) (eTable 3 in the Supplement). Univariate analysis identified an association between SDH-deficient GISTs and improved PFS (hazard ratio, 0.18; 95% CI, 0.03-0.93; P = .02). Median OS was 19 months among patients with pSRC and 12.6 months among patients with unphosphorylated SRC. Among patients with mutation in KIT exon 9, the PFS time was 2.1 months and the OS time was 7.8 months. Among patients with mutation in KIT exon 11, the PFS time was 2.7 months and the OS time was 19.6 months. Among patients with mutation in PDGFRA exon 18, the PFS time was 22 months and the OS time was not reached. Among patients without mutation in KIT or PDGFRA, the PFS time was 1.8 months and the OS time was 12 months. Univariate analysis identified an association between primary smallbowel GISTs and worse OS (hazard ratio, 2.51; 95% CI, 1.20-5.21; P < .001).
Discussion
We began this study to estimate the 6-month PFS rate as preliminary evidence of dasatinib activity in imatinib-refractory GISTs after the approval of sunitinib but before the approval of regorafenib for the treatment of GISTs. Most patients enrolled in this trial had been treated with sunitinib. Preclinical research suggested that dasatinib had higher potency against mutations in the activation domain of KIT and PDGFRA than imatinib and sunitinib. 12, 13 Objective tumor response to dasatinib was infrequent, but 1 patient with a mutation in PDGFRA exon 18 (D842V) had a confirmed partial response by size after approximately 14 months of treatment. Another patient with a mutation in KIT exon 13 and PDGFRA exon 18 had prolonged stable disease that lasted more than 6 months. In vitro studies 12,24,25 have suggested that dasatinib is a more potent inhibitor of cells that harbor the D842V mutation in PDGFRA than is imatinib and exhibits inhibition of cell growth at the nanomolar concentrations achieved in humans using the recommended dose of dasatinib. Partial response by tumor density on computed tomography was detected in 28% of patients with primary mutation in KIT exon 11 compared with 20% of patients with primary mutation in KIT exon 9 and 14% of patients with unmutated KIT and PDGFRA. The study did not require submission of tumor biopsy samples with disease after development of resistance to imatinib or sunitinib for determination of secondary KIT mutations; therefore, we were unable to determine whether there was a different rate of objective tumor response based on secondary mutations. Prior studies 7,26 have demonstrated that secondary mutations associated with imatinib resistance in GISTs frequently arise in KIT exon 17 (the kinase activation domain) and may be more likely to occur in GISTs with primary mutation in KIT exon 11 vs 9. The 6-month PFS rate guided enrollment into the trial. The actual mean rate of accrual of 2.8 patients per month was within the a priori statistical assumption and conformed with our initial modeling for Bayesian monitoring for study size. The probability that the estimated 6-month PFS rate was at least 30% did not fall below the prespecified value of 1.1% during study enrollment; therefore, accrual proceeded to the maximum of 50 patients. Both the rate of accrual and performance of the study provide evidence that the clinical trial was appropriately modeled. We selected a 6-month PFS of less than 10% as suggestive of no antitumor activity of dasatinib based on patients with GISTs treated with placebo. The final 6-month PFS rate of 29% fell just short of our goal of 30%. This rate is lower than the rate reported for regorafenib (38%) but higher than the rate reported for nilotinib (7%), sunitinib (16%), and placebo (<2%).
8,10,27
The 6-month PFS rate was similar between patients with and without tumor expression of SRC but was higher in patients with tumor expression of pSRC (50%) than unphosphorylated SRC (9%). This finding from our exploratory translational research requires prospective confirmation in GISTs biopsied just before dasatinib treatment to evaluate pSRC as a potential biomarker. Prior research on a small number of samples demonstrated that SRC was activated in GISTs compared with normal tissue, was higher in GISTs with mutation in the KIT exon 11 than in other GIST genotypes, and correlated with longer patient survival. 18 However, 21 of the 29 tumor specimens obtained were from patients undergoing treatment with imatinib, which may have affected SRC activity. We did not record the timing of GIST collection relative to treatment with imatinib for the samples submitted for correlative studies and are unable to comment on the effect of drug therapy on SRC activity. Additional research is needed to determine whether activated SRC expression may be a prognostic biomarker in GISTs. The median OS was 19 months, indicating that patients with imatinib-resistant GISTs have a poor prognosis. Only 18% of patients survived more than 5 years after enrollment. However, the median OS in the dasatinib trial was longer than that reported for nilotinib (361 days) or best supportive care (300 days) in a phase 3 trial of patients with imatinib-and sunitinibresistant GISTs. 27 The median OS in the dasatinib trial was twice as long as that reported in 223 patients with imatinib-and sunitinib-resistant GISTs treated at referral centers with agents other than dasatinib. 28 The survival duration in our dasatinib trial may be biased by inclusion of 10 patients who did not previously receive sunitinib. The median OS was more than twice as long in patients with mutation in KIT exon 11 (19.6 months) compared with KIT exon 9 (7.8 months), which differs from the results seen in the trial of sunitinib after failure of imatinib, in which the median OS among patients with KIT exon 11 mutation was 12.3 months compared with 26.9 months among patients with KIT exon 9 GISTs. 9 In the sunitinib trial, the median OS among patients with secondary mutation in KIT exon 17 or 18 was 4 months compared with 13 months among patients with secondary mutation in exon 13 or 14. The longer median OS in our dasatinib trial may be related to more potent inhibition of KIT-containing mutations in the activation domain by dasatinib compared with sunitinib, but this hypothesis requires confirmation in further clinical study. This trial of dasatinib in patients with advanced GISTs demonstrated an adverse event profile consistent with that seen previously. 20, 21 Adverse events from dasatinib that differ from sunitinib and regorafenib were dyspnea and pleural effusion. The dose of 70 mg twice daily was tolerated in most patients, although dose reduction may be needed during longer duration of treatment.
Limitations
This study is limited by its design that did not randomly allocate patients to the intervention and did not include a control group. The PFS rate may have been affected by inclusion of patients who had not been treated with sunitinib, who accounted for 20% of the study population, and early discontinuation of drug therapy in 9 patients for reasons other than disease progression or toxic effect. Our estimates of the 5-year survival rate and median OS are affected by the patient who withdrew from the study and the 5 patients who did not complete the long-term survival follow-up portion of the trial. The correlation of GIST genotype and phenotype with tumor response, PFS, and OS is limited by a lack of tumor tissue obtained at time of study enrollment. Our use of archival tumor tissue may have missed secondary mutation or change in SRC or pSRC expression that developed during prior treatment with imatinib and sunitinib. In addition, tumor tissue of sufficient quantity or quality was not available in 6 cases for genotype and 8 cases for phenotype analysis.
Conclusions
Dasatinib was active in a subset of patients with advanced GISTs based on objective tumor responses and a 6-month PFS rate that was substantially higher than previously seen for nilotinib, placebo, and best supportive care but was not associated with a 6-month PFS rate of more than 30%. One patient with D842V mutation in PDGFRA had an objective tumor response and prolonged tumor control, which provides clinical evidence in support of preclinical studies that suggest dasatinib is active in GISTs with this imatinib-resistant mutation.
Our prospective clinical trial corroborates previous findings that the presence of activated SRC in GISTs may be associated with longer survival among patients with advanced or metastatic GISTs. Further studies should explore whether activated SRC is a prognostic biomarker of more indolent disease or is a predictive biomarker of response to tyrosine kinase therapy. Role of the Funder/Sponsor: The funding source had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and the decision to submit the manuscript for publication.
Disclaimer:
The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. 
